Avian brood parasites should target the most profitable host species, but current conditions might locally influence their choice, producing geographic mosaics of coevolution. Throughout Europe, the magpie Pica pica has been invariably reported as the primary host of the great spotted cuckoo Clamator glandarius, whereas the carrion crow Corvus corone is the secondary one. However, we found that this pattern reversed in northern Spain, where up to 70% of carrion crow nests were parasitized versus 20% of magpie nests. In southern Spain, conversely, parasitism increased proportionally in both hosts (up to approximately 90% of available nests) throughout the 3 years of study. Surprisingly, magpies provided the best reproductive output for cuckoos in both areas, in contrast with cuckoo's preference for the crow host in the north. Genetic data ruled out the presence of different host-specific races in this brood parasite, dismissing the hypothesis that a prevalence of different gentes at the 2 sites explained the observed variability in host choice. Instead, we found that magpie nests in the south were easier to reach and more scattered than in the north, where cuckoos preferentially targeted nests that were less concealed and more isolated. We suggest that the habitat constraints parasitism on magpies in the north, driving cuckoo host choice toward the crows. The coevolutionary scenario therefore includes a 3-way interaction, where the pressure that the parasite puts on a host species in a given place critically depends on the environmentally mediated interaction between the same parasite and a different host.
INTRODUCTION
Avian brood parasites lay their eggs in the nests of other species (the hosts) and have their offspring raised by the foster parents (Rothstein 1990) . Some parasites produce a high number of eggs and distribute them among a large variety of host species (generalist brood parasites). For instance, eggs of shiny cowbirds (Molothrus bonariensis) and brown-headed cowbirds (Molothus ater) have been found in nests of more than 200 host species (Wiley 1988; Davies 2000) . Other parasites, conversely, use only one high-quality host plus few secondary hosts (specialist brood parasites). This is the case of the great spotted cuckoo (Clamator glandarius), which uses 4 host species on its Palearctic distribution (Cramp 1985) .
The reproductive success of a brood parasite is strongly influenced by the choice of suitable host species, with regard particularly to their diet, breeding habitat, reproductive phenology, and level of defense against the parasite (Rothstein 1990; Soler et al. 1995; Kleven et al. 1999; Soler et al. 1999a; Davies 2000; Langmore et al. 2007 ). Furthermore, the profitability of a host may also vary according to current ecological conditions, which can influence key host features like, for example, population density, effectiveness of defenses, diet, and phenology. Parasite's host choice may therefore vary both in space and time, raising geographical mosaics that might have deep consequences on the process of coevolution (Thompson 2005) . However, empirical evidence of this variation is still scant, because most studies focus on single populations, providing a partial view of the complexity of brood parasitehost systems (but see Soler et al. 1999a Soler et al. , 2001a Stokke et al. 2008) .
The great spotted cuckoo in the Palearctic is specialized on corvids, exploiting magpies Pica pica as its primary host and carrion crows Corvus corone as its secondary host (Soler 1990; Cramp 1985) . Choughs Pyrrhocorax pyrrhocorax and jackdaws Corvus monedula are parasitized sporadically (Soler 1990) . Great spotted cuckoo chicks do not evict host eggs or hatchlings from the nest, and thus are raised alongside host nestlings (Soler 1990; Soler et al. 1998a ). This parasite usually lays synchronously with its hosts (Soler et al. 2015) , but due to shorter incubation period, its chicks hatch earlier and gain an age advantage over host nestlings . As a consequence, parasitic chicks often outcompete magpie chicks for food and starve them (on average, only 0.6 magpie chicks fledge per parasitized nest; Soler et al. 1996) . Conversely, crow chicks, which are larger than cuckoo chicks, can cope with the presence of the parasite and survive better than magpie nestlings (Soler 1990; Soler et al. 1996; Soler et al. 2001b; Canestrari et al. 2009 Canestrari et al. , 2014 . In southern Spain, where the great spotted cuckoo has been studied intensively, parasite's reproductive success proved to be higher in magpie than in crow nests because, due to the relative differences in size, cuckoo chicks compete better for food against magpie chicks than against the larger crow chicks (Soler 1990; Soler et al. 2001b) .
Great spotted cuckoos do not choose host nests at random. When parasitizing magpies, cuckoos prefer high-quality pairs, which build larger nests (Soler et al. 1995) . When parasitizing a population of cooperatively breeding carrion crows in northern Spain, great spotted cuckoos use unassisted pairs at higher rates (despite their relative rarity) than cooperative groups, although the presence of helpers could be beneficial as they increase nestling provisioning (Canestrari et al. 2008 ). In fact, cuckoos' preference for unassisted pairs is due to the increased opportunities to find the nest unattended, which favors a better synchronization of parasite/host laying (Canestrari et al. 2009 ). However, in the cooperative breeding population of southern Spain, group-breeding and pair-breeding nests had similar probabilities of being parasitized (Roldán et al. 2013 ).
Here we report on spatiotemporal variability in the use of magpie and carrion crow nests between a northern and a southern population of great spotted cuckoo in Spain. We show that, compared with the south, the great spotted cuckoos from the northern population reversed the use of the primary and the secondary host, parasitizing the carrion crow with increasing frequency compared with the magpie. In order to explain this difference, we tested the following 2 hypotheses. First, we analyzed whether the observed geographic variability in host choice mirrored differences in the profitability of the 2 hosts, with great spotted cuckoos targeting in each area the host that provided the highest reproductive payoff, or locally making the "best of a bad job" by targeting the crow host when the preferred one (magpie) was less accessible or showed stronger defenses. To do so, we compared cuckoo's reproductive success and nest availability between the 2 areas, as well as geographic differences in magpie egg rejection behavior, nest accessibility, and nest distribution. We expected cuckoos to 1) be more successful in the nests of the most used host in each area (i.e. crows at Sobarriba and magpies at Guadix) or 2) to face higher egg rejection and/or less accessible nests at the northern study site. In addition, we experimentally pruned thorny bushes that magpies use to build their nest in the north, to see whether the characteristics of the nest sites may constraint cuckoo host choice. Second, we used genetic data to investigate the possible occurrence of "gentes" (Moksnes and Røskaft 1995) specialized in different hosts to address the hypothesis that the observed geographic pattern of host choice matched a prevalence of crow-specialized cuckoos in the north.
METHODS

Study areas
We collected field data at 2 different rural areas of Spain within the districts of "La Sobarriba" in the northern part of the country (42°37′ N, 5°26′ W) and "La Hoya de Guadix" in the south (37°18′ N, 3°11′ W). The northern study site (45 km 2 , Sobarriba hereafter) is characterized by a mosaic of crops, meadows, poplar and pine plantations, scrub, oak Quercus pyrenaica forest patches, and uncultivated land. In the south, we chose a 40-km 2 area (Guadix hereafter), where the vegetation is dominated by plantations of almond trees with some groves of holm oaks Quercus rotundifolia, uncultivated and cultivated areas (especially barley). Carrion crows and magpies are sympatric at both study sites.
Host species
Carrion crows breed as unassisted pairs throughout Europe (Cramp and Perrins 1994) , but form cooperatively breeding kin groups in both study areas. At Sobarriba and Guadix respectively, about 75% and 66.7% of the territories are occupied by social groups of similar size (3.2 ± 0.08 and 3.0 ± 0.28), whereas unassisted pairs hold the rest of the territories (Baglione et al. 2010; Roldán et al. 2013) . Cooperative breeding has been studied intensively at Sobarriba (e.g. Canestrari et al. 2004 Canestrari et al. , 2005 , where helpers contribute to build the nest and to feed the incubating female and the chicks, increasing fledgling production (Canestrari et al. 2008) . Crows invariably build open nests on trees (oak, poplar Populus alba and willow Salix fragilis, in Sobarriba; holm oak and almond trees Prunus dulcis in Guadix) that are usually accessible from any direction. If the nest fails at eggs or hatching stage, crows may re-nest up to 3 times in a season at Sobarriba (Canestrari et al. 2008) , whereas re-nesting is rarer at Guadix (Roldán et al. 2013) . Carrion crows lack defenses against the great spotted cuckoo, which is well tolerated even in the proximity of nests and which eggs are never rejected (Soler 1990 , Soler et al. 2001b .
Unlike crows, magpies use a large variety of sites for nesting. They can hide their roofed nests in brambles, scrubs, and thorny bushes (most frequently at Sobarriba, where uncultivated lands and patches of wood are more abundant), but can also use open trees (poplars and almond trees at Sobarriba and Guadix, respectively; Soler et al. 1998a Soler et al. , 1998b . Magpies breed in unassisted pairs. Both parents feed the chicks and defend the nest and they may re-nest once after a breeding failure (Birkhead 1991) . Magpies defend their nests against the great spotted cuckoo and often eject the eggs of the parasite from the nest (Soler 1990; Soler et al. 1998a Soler et al. , 1999b Avilés et al. 2014) .
Field data collection
Both areas were search intensively throughout the study period to find all nests. In March to July from 2007 to 2009, we surveyed 164 crow nests belonging to 84 different territories and 165 magpie nests (of 66 breeding pairs) at Sobarriba, and 74 crow nests from 43 territories and 100 magpie nests from 83 pairs at Guadix. For each nest, we recorded laying date of the first host egg, number of parasitic and host eggs, number of eggs hatched, and number of host chicks fledged. Fledging success of cuckoo chicks was also recorded in 90 parasitized nests (49 at Sobarriba and 41 at Guadix). In 34 cases, we could not record laying date because the clutch was found already complete. Every time we visited a nest, we searched the surroundings for new nests or re-nesting attempts.
Egg rejection experiment
We introduced experimental model cuckoo eggs in the nests of magpies at Sobarriba. This experiment was carried out in 2007 (n = 38) and 2009 (n = 17). The model eggs were made of plaster of Paris and painted with acrylic paint imitating the color and spotted pattern of cuckoo's eggs. Size and weight were also similar to the real parasitic eggs (Soler and Møller 1990) . These models were introduced in the nests when at least 1 host egg was already present and before clutch completion. The nests were visited 7 days after the treatment and model eggs were considered rejected if they had disappeared from the nest. If the nest was depredated during the experiment (i.e. if all eggs had disappeared), we did not include it in the sample. All nests where model eggs had been introduced were excluded from other statistical analyses in this paper. Data on rejection rates on Guadix study area were available from Martín-Gálvez et al. (2007) , who used the same experimental protocol. As rejection rates can vary both in space and time, we used also data from other areas of the southern district not included in this study (Avilés et al. 2004; Martín-Gálvez et al. 2007) , to give a more comprehensive comparison. Note that all model eggs used in these studies (including the present one) were manufactured by the same laboratory (Group of Ecology and Animal Behaviour, University of Granada), following always the same procedure. Differences in rejection rate among sites could therefore be not attributed to variation in egg appearance.
Nest distribution and accessibility
Magpie nest sites vary largely (see above) and might affect cuckoo host choice. Similarly, it has been shown that shorter distance between nearest active nests might affect the probability of parasitism, by increasing parasite vigilance and deterrence (e.g. Oien et al. 1996; Clotfelter and Yasukawa 1999) . We mapped the location of magpie nests with a GPS (Garmin eTrex-Summit) from 2009 to 2011 at Sobarriba (n = 260) and from 2007 to 2009 at Guadix (n = 103) to test the effect of the proximity between active nesting pairs on parasitism rate. In addition, we quantified the degree of accessibility of 172 and 60 magpie nests at the 2 areas respectively, according to 2 categories: "difficult," when the nest was located at least 50 cm inside Rosa spp, Rubus fruticosus, or holm oak bushes, and "easy," when located superficially or on the top of bushes or on trees. To further investigate the effect of nest accessibility, in 2010 and 2011 we carried out an experimental manipulation at Sobarriba. We chose nests located well inside (≥50 cm) dense Rosa spp and R. fruticosus bushes and we pruned a 90°-wide truncated conic opening in front of the entrance of the nest. The treatment was carried out when the nest was complete, but before the female started laying. Magpies laid eggs in 16 treated nests (59.3%). Thirty-eight nests where branches were cut at the bottom of the bush served as control. Experimental pruned nests were excluded from any other statistical analyses in this paper. The relatively high desertion rate of pruned nests implies that data were collected only for a subset of magpies that might not be entirely representative of the whole population. The results of this experiment should therefore be taken with caution.
Development/testing of DNA markers
We used an ammonium acetate precipitation method (Nicholls et al. 2000) to extract DNA from great spotted cuckoo blood samples (n = 160). We amplified 6 previously published microsatellite markers (Cgl1, Cgl2, Cgl3, Cgl4, Cgl5, and Cgl6; Martínez et al. 1998a ) and 5 new loci specifically developed for this study (Cgln2, Cgln7, Cgln9, Cgln10, and Cgln14; Table 1 ). These new markers were characterized from a genomic library by GenoScreen (Lille, France, www.genoscreen.fr; see Table 2 ). The new markers were developed through 454 GS-FLX Titanium pyrosequencing of enriched DNA libraries as described in Malausa et al. (2011) . Briefly, total DNA was mechanically fragmented and enriched for AG, AC, AAC, AAG, AGG, ACG, ACAT, and ATCT repeat motifs. Enriched fragments were subsequently amplified. PCR products were purified, quantified, and Gs-FLX libraries were then carried out following manufacturer's protocols and sequenced on a Gs-FLX PTP. QDD software was used to design primers. We tested 20 primer pairs for polymorphism using 8 unrelated individuals; those that were found to have 3 or more alleles were used in parentage analyses.
Genotyping
Amplification for all markers was carried out using 20-µL reactions containing the following: 50-100 ng of DNA, 2 mM MgCl 2 , 5 µM of each primer, 2mM dNTPs, 0.05U Taq polymerase, and 10× manufacturer's reaction buffer. PCR profiles of the new markers were as follows: 1 cycle of 94 °C for 120 s, then 30 cycles of 94 °C for 30 s, 60 °C (annealing) for 30 s, and 73 °C for 30 s, and finishing with 1 cycle of 72 °C for 120 s. All samples were genotyped with an ABI 3130 sequencer, and the size of alleles was scored with GENOSCAN software (Applied Biosystems). 
Pedigree reconstruction
We used samples of adult cuckoos captured in both population (n = 42 at Guadix and n = 9 at Sobarriba) to calculate observed and expected heterozygosities using CERVUS 3.0 (Kalinowski et al. 2007 ). Tests for deviation from Hardy-Weinberg equilibrium (HWE) and linkage disequilibrium and the estimation of the frequency of null alleles were performed with GENEPOP 4.2 (Rousset 2008 ). Sexing of adults was carried out by using primers P2/P8 (Griffiths et al. 1998 ) and 3007F/3112R (Fridolfsson and Ellegren 1999) sex-linked markers.
To determine the power of the set of loci for parentage analyses, we obtained from CERVUS the mean PIC (polymorphic information content, a measure of the average informativeness of the loci for parentage analyses, see Table 2 ) and the combined nonexclusion probabilities for the first and the second parent, that is, the average probability (assuming HWE) that the set of loci will not exclude an unrelated candidate parent from parentage of an arbitrary offspring when the genotype of the other parent is unknown (first parent) and the average probability that the set of loci will not exclude an unrelated candidate parent from parentage of an arbitrary offspring when the genotype of the other parent is known (second parent).
We used COLONY v2 (Jones and Wang 2010) for both paternal and maternal assignments, as well as for calculating the most likely relationship among pairs of chicks (full siblings, half siblings, or unrelated; n = 109 chicks). COLONY uses a maximum-likelihood method that considers the full pedigree structure to estimate parentage and sibship relationships and to reconstruct genotypes of nonsampled parents using multilocus genotypes. We performed 8 replicate runs, for each population, with a different random number seed to confirm the reliability of the results. The rest of the parameters were set identical for all runs as follows: medium run length, full-likelihood estimation with medium precision, and male and female polygamy, because previous papers have shown that great spotted cuckoos may have some degree of polygamy (Martínez et al. 1998a (Martínez et al. , 1998b . We set up a genotyping error of 0.05 based on previous own results. Some markers (Cgln2 and Cgln9) presented deviation from HWE after Bonferroni correction, likely due to a high frequency of null alleles (Table 2) ; we dealt with this by setting up a dropout rate equivalent to null alleles frequency in COLONY, following recommendations from the author (Wang, pers. com.). Only those cases of parentage or sibship assignment with P values ≥0.95 and that appeared in at least 5 of the 8 runs were considered. We first obtained parentage assignments for the candidate males and females that had been captured in the study area. Subsequently, we constructed full sibling and maternal half sibling broods from the sibling dyads output in COLONY. Broods were then classified according to whether all members were raised by a single host species (crow broods and magpie broods) or belonged to nest of 2 hosts (mixed broods).
Ethical note
To minimize disturbance, whenever possible, we used extensible poles equipped with a mirror or a wireless microcamera to reduce the time of nest inspection, which apparently never provoked desertion in any of the 2 host species. Indeed, nest desertion was a rare event in our studied populations (3.6% and 4.1% in crows and magpies, respectively), suggesting a negligible impact of nest monitoring. The sample of pruned magpie nests was kept as small as possible, and the manipulation was performed before egg laying to avoid loosing clutches. However, 11 pairs deserted the manipulated nest and build a replacement, which was left undisturbed. Pruned nests were not predated significantly more than control nests (31.2% vs. 26.3% respectively, two-tailed Fisher exact test P = 0.75) or unmanipulated nests (38.5%, two-tailed Fisher exact test P = 0.76). Research has been conducted according to relevant Spanish national guidelines (Real Decreto 1201/2005, de 10 de Octubre). The study at Sobarriba was authorized by Junta de Castilla y León. All necessary permits to work at Guadix were obtained from the Consejería de Medio Ambiente de la Junta de Andalucía.
Statistical analyses
To analyze 1) host use (presence/absence of cuckoo eggs in the nest), 2) the number of cuckoo eggs laid in parasitized nests, and 3) cuckoo reproductive success (proportion of cuckoos fledged over the total number of cuckoo eggs laid in each nest), we used generalized linear mixed models (GLMMs) using "lme4" package in R (R Core Team 2012). Models that included the interactions of host species with both year and study area, and the 3-way interaction among these terms (i.e. host species*study area and host species*year; see Table 3 ) accounted for the spatiotemporal variation in the relationship between the parasites and its 2 hosts that we aimed to investigate in this work. To uncover the importance of this variation, we compared "interaction models" with a model that included year, host species, and study area as individual explanatory terms and an intercept-only model (null model). We used Akaike's information criterion (AICc) and Akaike model weights (Burnham and Anderson 2002) to compare alternative models (Table 3) , with R-package MuMIn (Models with lower AICc values are better supported by the data). Territory identity was fitted as random factor in all analyses, because data collected from nests in the same territory across years or from the same territory in 1 year (re-nesting) are not independent due to intrinsic characteristics of the territory and/or the breeders. Ideally, breeders' identity should have been controlled for too, but this was not possible because many birds were unbanded. However, due to low mortality of adults both in crows and in magpies (Birkhead 1991; Baglione et al. 2005) , breeders' turnover was likely to be infrequent within the relatively short time frame of this study so that territory identity accounted, at least partly, for the identity of breeders as well. To analyze host use (see 1), we ran GLMMs with binomial distribution and logit link function, whereas a GLMM with Poisson error structure addressed the number of cuckoo eggs laid per parasitized nest (2). GLMMs with binomial error structure were also used to analyze cuckoo fledging success in parasitized nests (3), but the 3-way interaction between host species, study area and year could not be fitted, because of limited sample size. We ran linear mixed models with restricted maximum likelihood with R "nlme" package to analyze differences in the distance between nearest neighbor active magpie nests between the 2 areas and among parasitized and nonparasitized nests within each area. As cuckoos must match the laying period of their potential hosts, differences in the fit of cuckoo/hosts breeding cycles might cause different host use between the study sites. To address this possibility, we used Kolmogorov-Smirnov (K-S) test for 2 samples to compare the distributions of the laying dates (first egg of the clutch) among the cuckoo and its 2 hosts and between the 2 areas within the same host. We used ordinal dates, being day 1 the 1st of March. A different use of hosts might also arise from differences in the length of host laying periods, with cuckoos using locally the host with longer laying time span. Therefore, when the K-S test found a significant within-host difference between the 2 study areas, we analyzed the relative dispersion of the data (i.e. period length) by comparing the coefficients of variation using variance ratio tests (Lewontin 1966; Zar 1999) .
RESULTS
Parasitism rate in magpies and crows
Throughout the study period, parasitism rate at Sobarriba increased steadily in crows, but remained stable in magpies, which were much less parasitized (Figure 1 ). Conversely parasitism rate increased at Guadix in both hosts, which were eventually used by the cuckoo with similar frequency (Figure 1) . The model that included the 3-way interaction among year, host species, and area to account for variation of host use across areas and time proved to be the best among the alternative models (Weight = 1; Table 3 ). The importance of the interaction was further corroborated by comparing this model with the one based on single-variable effects (S+A+Y, see Table 3 ) with R function "anova" (Χ 2 = 60.52 df = 7, P <<0.01).
Unlike the previous analysis, fitting 3-and 2-way interactions to explain the number of cuckoos eggs laid in a nest worsened the more parsimonious model based on single-variable effects (Table 3) . We therefore considered that the interactions had a negligible effect, which was confirmed by applying the anova function as described above (results not shown). The best model showed that cuckoos laid the same number of eggs per nest in the 2 hosts [parameter estimate ± standard error (SE) for host species = −0.15 ± 0.12; z = −1.27, P = 0.21]. Regardless of the host, the number of eggs laid per parasitized nest varied across years (setting year 2007 as reference: year 2008, parameter estimate ± SE = 0.42 ± 0.14, z = 2.92, P < 0.01; year 2009, parameter estimate ± SE = 0.59 ± 0.14, z = 4.26, P < 0.01), and was lower at Sobarriba as compared with Guadix (parameter estimate ± SE = −0.52 ± 0.11; z = −4.59, P < 0.01; Figure 2 ).
Cuckoo reproductive success
Model comparison yielded 1 highly ranked model that accounted for 95% of the weight of model set (Table 3) . Magpies proved to be a better host for the great spotted cuckoo, regardless of the area. Cuckoos eggs in magpie nests had indeed higher probability of producing a fledgling than eggs laid in crow nests (parameter estimate ± SE = 1.94 ± 0.41; z = 4.67, P < 0.01; Figure 3 ). Cuckoo survival also proved to be higher at Sobarriba as compared with Guadix (parameter estimate ± SE = 0.95 ± 0.42; z = 2.27, P = 0.02), whereas year showed no significant effect. Adding interactions to the first ranked model worsened the AICc substantially (Table 3) , indicating a negligible influence of these terms.
Egg rejection rates
At Sobarriba, magpies showed rejection rates of mimetic model eggs of 26.3% (n = 38) and 17.7% (n = 17) in 2007 and 2009, respectively (two-tailed Fisher exact test, P = 0.73). The overall rejection rate at Sobarriba (23.6%) was lower than that reported for Guadix study area (44.4%, n = 72; two-tailed Fisher exact test, P = 0.02) by Martín-Gálvez et al. (2007) . Egg rejection rates for other parts of the southern district, which were not included in this study, were also always higher (range 27.9-57.1%; Avilés et al. 2004; Martín-Gálvez et al. 2007) than that found at Sobarriba, with the only exception of the site of "La Calahorra" during 2005 -2012 , where it was lower, but not significantly (14.4%; two-tailed Fisher exact test, P = 0.11)
Host availability: density of nests and laying periods
At Sobarriba, the density of crow nests was 1.85 nests/km 2 , whereas magpie density was 3.36 nests/km 2 . In Guadix, densities of crows and magpies were 0.71 and 1.6 nests/km 2 , respectively. Magpie laying periods did not differ significantly between the 2 areas (K-S test d max = 0.14, P = 0.07), unlike crows (K-S test d max = 0.62, P < 0.001), which started laying earlier in the south (Figure 4) . However, the relative dispersion of crow laying dates, and therefore the length of crow laying period, did not vary significantly across areas (variance ratio test on normally distributed log transformed data, P = 0.93). The distributions of cuckoo laying dates both in crows and magpies matched those of the hosts in the 2 areas (K-S test for crows: d max = 0.11, P = 0.27 and d max = 0.19, P = 0.18 at Sobarriba and Guadix, respectively: for magpies, d max = 0.10, P = 0.62 and d max = 0.05, P = 0.79 at Sobarriba and Guadix, respectively).
Nest accessibility and distribution
Easily accessible magpie nests (i.e. nests placed on trees or superficially in bushes) were more frequent at Guadix (63.3%; n = 60 nests) than at Sobarriba (35.5%; n = 172 nests; two-tailed Fisher exact test, P < 0.01). At Sobarriba, parasitism rate was significantly higher in accessible magpie nests than in difficult ones (18.0% vs. 7.21% respectively; n = 172, two-tailed Fisher exact test, P = 0.04), whereas no significant difference was found at Guadix (62.9% vs. 64.0%, n = 60, two-tailed Fisher exact test, P = 1). However, at Sobarriba, parasitism rate did not increase significantly in nests where accessibility had been experimentally increased (14.3% vs. 7.9% in experimental and control nests, respectively; two-tailed Fisher exact test, n = 54, P = 0.63). The distances between nearest neighbor magpie nests were significantly shorter at Sobarriba than at Guadix (mean ± SE = 239.9 ± 9.2 m and 279.5 ± 19.2 m, n = 260 and 103, respectively; t = −2.09, df = 305, P = 0.037). At Sobarriba, nests with more distant neighbors were significantly more likely to be parasitized by the cuckoo (t = 2.06, df = 55, P = 0.04), whereas no difference was found at Guadix (t = −1.12, df = 101, P = 0.26).
Microsatellite genotyping and pedigree reconstruction
We genotyped 48 great spotted cuckoo chicks and 42 adults at Guadix and 61 chicks and 9 adults at Sobarriba for the 11 markers (mean 9.2 markers per individual, range 7-11). Average allelic richness per locus was 9.73 (range 4-17) and expected heterozigosities ranged from 0.23 to 0.90 (average = 0.72 and 0.69 at Guadix and Sobarriba, respectively; Table 2 ). Mean polymorphic information content values were 0.67 and 0.58 for Guadix and Sobarriba, respectively, and combined nonexclusion probabilities for first/ second parent were 0.0091/0.0003 at Guadix and 0.0243/0.0015 at Sobarriba. From the pedigree reconstruction of COLONY, we inferred the minimum number of great spotted cuckoo adults breeding in the study areas: 21 males and 22 females in Guadix and 28 males and 27 females in Sobarriba (2 males and 2 females at Guadix and 6 males and 2 females at Sobarriba had been actually captured). Among breeders of known or reconstructed genotype, 11 females at Sobarriba and 9 at Guadix had 2 or more offspring assigned (average ± SE = 4.09 ± 0.36 and 3.89 ± 0.28, respectively). Among these, 3 females at Sobarriba (27.3%) and 8 at Guadix (88.9%) had their young raised in nests of both hosts. Single host species females were also found at both sites (6 laying only in crow nests and 2 in magpie nests at Sobarriba; 1 using only magpies at Guadix).
DISCUSSION
Our data uncovered spatiotemporal variation in host use in the great spotted cuckoo that challenges the view that the magpie is the primary host of this brood parasite (Cramp 1985; Soler and Soler 1991; Soler et al. 1997) . At Sobarriba, the parasitic pressure on carrion crows increased steadily throughout the study period, whereas it remained stable in magpies, which were much less parasitized than crows in spite of their relative higher abundance. Conversely, at Guadix, although magpies were more parasitized at the beginning of the study, brood parasitism strongly increased in both hosts, reaching eventually similar levels (about 90% of nests).
The overall increase of both parasitism rate and the number of cuckoo eggs laid in parasitized nests may be the result of increased densities of the great spotted cuckoo in both areas, particularly at Guadix where the parasites may have been forced to use crow nests because of stronger competition for magpie nests. Variation of cuckoo density, however, cannot explain why parasitism rate at Sobarriba increased in crows only. Our genetic data do not support the existence of gentes specialized in different hosts in the great spotted cuckoo. In both areas, we found a large proportion of females that laid eggs in the nests of the 2 hosts (55% in total), alongside females that used a single host (45%). Therefore, we cannot postulate a prevalence of different gentes at the 2 sites to explain the observed variability in host choice. An alternative hypothesis is that the profitability of the 2 hosts varies geographically according to current ecological conditions and that great spotted cuckoos' host choice changes accordingly. If so, we would expect crow nests to be more profitable for cuckoos than magpie nests at Sobarriba, either because 1) a better reproductive output and/or a better synchronization of reproductive phenology or 2) because of constraints on the use of magpie nests. The latter scenario proves more plausible, as we shall discuss below.
Cuckoo reproductive success
Our data showed that magpies raised more cuckoo fledglings than crows in both areas, after controlling for cuckoo clutch size and total clutch size. This result confirmed previous findings showing that cuckoo chicks easily outcompete magpie chicks in the nest, whereas they are less successful when raised alongside the larger crow chicks (Soler et al. 2001b) . Therefore, the slightly larger breeding group size of crows at Sobarriba compared with Guadix (Roldán et al. 2013) , which may have resulted in increased brood provisioning in the northern area (Canestrari et al. 2008) , did not compensate for the competitive handicap of cuckoos raised by crows. This dismisses the possibility that cuckoos used crows at Sobarriba because of better reproductive output.
Availability of host nests and reproductive phenology
Host use may have been influenced by the relative availability of potential nests at the 2 study sites, but the fact that magpies were more abundant than crows at both places dismisses the possibility that higher parasitism on crows at Sobarriba was a consequence of a shortage of magpie nests. As magpies laid later than crows, cuckoos may have merely missed their nests at Sobarriba because of an earlier start of the summer adult migration compared with Guadix. However, data on radiotracked adults (Bolopo D, unpublished data) showed that they did not leave until the end of June, like they do at Guadix , thus well beyond the end of the laying period of the magpies. Another possibility may be that crows were more parasitized than magpies at Sobarriba as compared with Guadix because of a longer crow egg laying period in the north that increased the opportunity for cuckoos to find available nests. Similarly, a shorter laying period of magpies at Sobarriba could cause the observed pattern. However, none of the 2 hosts showed a significant difference in the length of the egg laying period across areas, so that these possibilities are also dismissed. Overall, the distributions of cuckoo laying dates finely matched those of the 2 hosts at both areas, proving unlikely that the preferential use of crows at Sobarriba was due to constraints on cuckoo breeding phenology.
Egg rejection behavior
The ability to recognize and reject foreign eggs (Rothstein 1990; Davies 2000 ) is a widespread defense mechanism developed by hosts, including magpies (Soler and Møller 1990; Soler et al. 1999b) , against brood parasites. Over evolutionary times, high brood parasite pressure selects for hosts with the best rejection abilities (Soler 2014) . Furthermore, within species that underwent parasitism for a long time, populations may plastically vary their rejection behavior according to current parasite threat (Davies and Brooke 1988; Moksnes et al. 1993; Davies et al. 1996; Soler et al. 1999a) . When host defenses reach a high level of efficiency, parasites may either emigrate to other areas where host defenses are less proficient or may switch to a different host species to increase reproductive success (Davies and Brooke, 1989a, 1989b) . Therefore, the higher use of crow nests at Sobarriba could have been provoked by better defenses of magpies in this area that forced great spotted cuckoos to switch to the secondary host. However, the rejection rate found in magpies at Sobarriba was lower than that registered at Guadix, dismissing this hypothesis.
Nest site and distribution
Unlike crows, magpies use a large variability of sites to build their nests, from high and relatively open trees to dense and thorny bushes that are difficult to penetrate. The proportion of magpie nests located in dense bushes was almost twice as high at Sobarriba than at Guadix, and cuckoos preferred "easy" magpie nests at Sobarriba. Molina-Morales et al. (2013) reported on patterns of nonrandom parasitism (structured parasitism) related to habitat characteristics, with magpies "escaping" from great spotted cuckoos by building small nests in almond plantations, once the trees had grown leaves. Lower nest detectability might therefore hinder parasitism to some extent and, consistently, differences in the habitat between our 2 study areas may be related to the contrasting pattern of use of the magpie host. Nests inside dense bushes might also be less accessible to great spotted cuckoos and better defendable by the magpies, but experimental pruning of bushes did not provoke any significant increase in parasitism rate at Sobarriba. A role for nest accessibility, however, cannot be excluded, because cuckoos might have already "discarded" the experimental nests, which were all difficult to reach, before our manipulation took place.
Differences in nest detectability and/or accessibility alone are unlikely to fully explain the observed variability of host use because only a small proportion of "easy" magpie nests (less than 20%) were parasitized at Sobarriba, suggesting that suitable nests were not in short supply. Interestingly, we found that magpie nests were more scattered at Guadix than at Sobarriba, where the probability of being parasitized increased with the distance to the nearest neighbor active nests. Nesting close to neighbors reduces parasitism in several host species through hosts' increased vigilance or ability to deter brood parasites (Clotfelter and Yasukawa 1999) . In the case of the magpie, there is no evidence of communal mobbing of great spotted cuckoo by members of different pairs, but it has been shown that the prevalence of brood parasitism decreases at higher density of nests see Freeman et al. 1990 for similar examples in other species). Protection by neighbors is therefore more likely to arise through increased detection, which may provoke a quicker defensive response, rather than cooperative defense against the parasite . Also, hosts could be induced to increase mobbing after witnessing active nest defense by their neighbors (see Davies and Welbergen 2009 ) and/or cuckoos may preferentially target more isolated nests in order to reduce the probability of being attacked. Indeed, it has been shown that great spotted cuckoos observe host adults before deciding where to lay eggs (Soler and Pérez-Contreras 2012) . They might therefore asses the risk of being detected and avoid the areas most crowded with magpies.
A 3-way interaction between the parasite and its main hosts
To summarize, our data showed that the magpie is the best host for great spotted cuckoos in both studied populations, providing the highest survival of parasite chicks. Cuckoos should have therefore preferred magpies in both areas, using crows as "best of a bad job" where the access to the best host was somehow restricted. A larger use of crows in the northern population might have been explained by a local prevalence of a crow-specific gens, but this hypothesis was dismissed by our genetic data. According to current evidence, we therefore suggest that cuckoos may be constrained in the use of the magpie host at Sobarriba, most plausibly because of habitat characteristics that favor closer proximity, better concealment, and reduced accessibility of magpie nests. It should be noted, however, that our 2-population study has limited power and that data on more populations, both in northern and southern Spain, are needed to address the generality of our results and to further explore the effect of the environment in shaping host choice in the great spotted cuckoo. In this respect, we believe that our data provide a promising framework for designing future research.
Our data fit a scenario of geographic mosaic of species coevolution, where the intensity of reciprocal selection between interacting species differs among environments (Soler et al. 1999; Thompson 2005) . In addition, our data suggest that the selective pressure that the great spotted cuckoo puts on the crow host in a given place may depend to some extent on the interaction between the parasite and its most profitable host, the magpie. The reverse (crows affecting the parasitism rate of magpies) might also be possible, if, for instance, a local absence of crows in a bushy and wooded habitat would force great spotted cuckoos to 1) increase their effort in parasitizing magpie "difficult" nests or 2) to abandon the site in search of a more favorable environment. More empirical data are needed to fully understand how the 3-way interaction between the great spotted cuckoo and its main 2 hosts influences the relative distribution of coevolutionary "hot" and "cold" spots. Our study system, of which the complexity we started to unravel, promises to improve our comprehension of coevolutionary processes that occur among bird species.
